Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) was used to systematically investigate the impact of solar ultraviolet-B (UV-B) radiation on the soybean leaf proteome. In order to investigate the protective role of flavonoids against UV-B, two isolines of the Clark cultivar (the standard line with moderate levels of flavonoids and the magenta line with reduced flavonoids) were grown in the field with or without natural levels of UV-B. The 12-day-old first trifoliates were harvested for proteomic analysis. More than 300 protein spots were reproducibly resolved and detected on each gel. Statistical analysis showed that 67 protein spots were significantly (P < 0.05) affected by solar UV-B. Many more spots were altered by UV-B in the magenta line than in the standard line. Another 12 protein spots were not altered by UV-B but showed significantly (P < 0.05) different accumulations between the two lines, and for most spots the line-specific differences were also observed under UV-B exclusion. Most of the differentially accumulated spots were identified by mass spectrometry. The proteins were quite diverse, and were involved in metabolism, energy, protein destination/storage, protein synthesis, disease/defense, transcription, and secondary metabolism. The results suggest that high levels of flavonoids lead to a reduction in UV-B sensitivity at the proteomic level. Published by Elsevier Ltd.
Introduction
Increases in chlorofluorocarbons in the atmosphere may deplete the earth's stratospheric ozone layer (Molina and Rowland, 1974) , and a decrease in the ozone column lead to an increase in the levels of ultraviolet-B (UV-B: 280-320 nm) radiation that reach the earth's surface (Blumthaler and Amback, 1990; Gleason et al., 1993) . Although UV-B radiation has important regulatory and photomorphogenic roles (Ballare et al., 1995) , excessive UV-B radiation is clearly harmful. In general, a high level of UV-B causes reduced photosynthesis and growth (Ruhland et al., 2005; Germ et al., 2005) , oxidative damages (Yannarelli et al., 2006) , and damage to DNA (Bray and West, 2005) .
Plants possess an array of adaptive responses to UV-B that allow them to prevent, mitigate or repair UV-B damage. We still do not have a complete understanding of the molecular bases of these responses, but they generally are the result of signal perception by receptor molecules and transduction of a response signal to the cellular machinery, a part of which may regulate gene expression. responsive genes in plants. For example, photosynthetic genes may be down-regulated (A-H-Mackerness et al., 2001; Jordan et al., 1998; Surplus et al., 1998) , while pathogenesis-related genes, the defencin gene (PDF 1, 2) (A-H- Mackerness et al., 1999 Mackerness et al., , 2001 , genes for flavonoids biosynthesis (A-H-Mackerness et al., 2001; Chappell and Hahlbrock, 1984) and antioxidant enzymes (A-H-Mackerness et al., 1998; Willekens et al., 1994) may be up-regulated by UV-B. Using microarray analysis, Casati and Walbot (2004) and Ulm et al. (2004) identified more than 100 UV-B responsive genes in maize and Arabidopsis, respectively. However, most studies were conducted indoors under artificial condition with unrealistically high UV-B radiation as well as low ultraviolet-A (UV-A: 320-400 nm) and photosynthetically active radiation (PAR: 400-700 nm). Responses of plants in controlled conditions may differ from those in field conditions, because of the different levels of UV-A and PAR (Krizek, 2004) . Casati and Walbot (2003) examined the response of gene expression in maize to solar UV-B under field conditions, and found several photosynthesis-associated genes were decreased and antioxidant-associated genes were increased. Also, the genes involved in the fatty acid metabolism and oxylipin biosynthesis were increased by solar UV-B (Izaguirre et al., 2003) . These results are the most comprehensive data currently available on the effects of solar UV-B on plant gene expression.
However, these studies only looked at mRNA level, which may not necessarily translate into the quantity and quality of the final gene products, i.e. the proteins. There is a loose correlation between mRNA and protein levels, especially for chloroplast genes, which are usually controlled at the post-transcriptional level (Jordan et al., 1992; A-H-Mackerness et al., 1997) . Moreover, many proteins undergo post-translational modifications (PTM) such as removal of signal peptides, phosphorylation and glycosylation, which are extremely important for protein activities and subcellular localizations. Therefore, changes at the mRNA level alone may not adequately assess the response to UV-B, and it is necessary to study the effects of UV-B at the protein level. There has been only limited research on the effects of UV-B on proteins, and most of this research focused on a single protein, such as PR-1 (Green and Fluhr, 1995) , glutathione reductase, ascorbate peroxidase, superoxide dismutase (Rao et al., 1996) or nitrite reductase (Migge et al., 1998) .
Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) is a sensitive and powerful technique for resolving hundreds of proteins in parallel. Combined with mass spectrometry (MS), it allows rapid and reliable protein identification and can provide information about abundance and PTM. In recent years, proteomic-based technologies have been successfully applied to the systematic study of the proteomic responses in many plant species to a wide range of abiotic stresses, including drought (Pinheiro et al., 2005) , nutrition deficiency (Alves et al., 2006) , temperature (Yan et al., 2006; Sule et al., 2004) , oxidative stress (Wang et al., 2004) , herbicide (Castro et al., 2005) , wound (Shen et al., 2003) , anoxia (Chang et al., 2000) , salt (Yan et al., 2005) and heavy metal (Labra et al., 2006) . Casati et al. (2005) have used proteomic technologies to investigate the effects of UV-B on the proteome of the maize leaf. They found that UV-B radiation regulated the accumulation of 178 protein spots and phosphorylated pyruvate phosphate dikinase.
Soybean (Glycine max) provides an inexpensive source of protein for human consumption and the animal industry and it has been the dominant oilseed produced since the 1960. Soybean genotypes exhibit a wide range in sensitivity to UV-B radiation due in part to differences in flavonoid content (Middleton and Teramura, 1993; Reed et al., 1992) , since the flavonoids in the leaf epidermis can screen out UV-B radiation (Schmelzer et al., 1988; Robberecht and Caldwell, 1983) . The purpose of this UV-B exclusion study was to systematically examine the effects of solar UV-B on the soybean leaf proteome and to investigate whether flavonoids afforded protection against solar UV-B under field conditions. Two soybean isolines with different flavonoid content were used: the Clark standard line that produces moderate levels of flavonol glycoside, and the Clark magenta line that has reduced flavonol glycoside levels (Buzzell et al., 1977) .
Results

2-D PAGE and quantitative analysis
More than 300 protein spots were clearly separated and detected by 2-D PAGE despite the predominance of ribulose bisphosphate carboxylase/oxygenase (Rubisco). The 2-D PAGE gels were reproducible and had well-separated spots, although as is frequently observed with proteome analysis, the dynamic range of protein accumulation was very large (Wilson et al., 2002; Watson et al., 2003) . A representative gel image is presented in Fig. 1a . Only spots that were significantly affected by UV-B, or spots that had different intensity between the two lines were further analyzed. A total of 79 spots were selected, and no interaction between UV-B and line was detected for these 79 spots. The statistical data for the 79 spots are listed in Table 1 , and magnified regions of several differentially accumulated proteins are presented in Fig. 1b . The 79 selected spots were divided into three groups. Spots in Group I are those that were increased by solar UV-B; this group had 31 spots (spots 1-31; Fig. 1 ; Table 1 ). Group II includes 36 spots that were decreased by solar UV-B (spots 32-67; Fig. 1 ; Table 1 ). Group III includes 12 spots that had different intensity between the two lines but were not altered by UV-B (spots 68-79; Fig. 1 ; Table 1 ). The accumulations of a total of 67 spots were altered by solar UV-B, and the total number of spots that increased in abundance was similar to the number of spots that decreased.
In group I, only four spots (spots 5, 27, 29, 30) were increased in both lines, 23 spots (spots 2, 4, 6-9, 11-16, 18-26, 28, 31) were increased only in the magenta line, and four spots (spots 1, 3, 10, 17) increased only in the standard line (Table 1) . In group II, 14 spots (spots 32, 38-40, 44, 45, 47, 49, 51, 56-59, 61) were decreased in both lines, and 16 spots (spots 35-37, 41-43, 46, 48, 50, 52, 54, 55, 60, 64-66) were decreased only in the magenta line, whereas 6 spots (spots 33, 34, 53, 62, 63, 67) decreased only in the standard line (Table 1) . Many more proteins were responsive to solar UV-B in the magenta line than in the standard line. In group III, [72] [73] [74] [75] [76] [77] [78] [79] showed different intensities between the two lines even with no UV-B treatment (Table 1) .
Identification of differentially accumulated proteins
Of the 79 spots, 56 had been identified previously (Xu et al., 2006) . The remaining 23 spots were digested with trypsin and subjected to matrix-assisted laser desorption/ ionization-time of flight (MALDI-TOF) MS. Only one spot (spot 3, Rubisco activase) could be identified in this way. The other 22 spots were further analyzed by liquid chromatography tandem mass spectrometry (LC-MS/ MS), and 16 of these spots could be identified (Table 2) . Both the theoretical and experimental molecular weight (Mr) and isoelectric point (pI) matched for 8 of the 19 identified proteins. We used the ExPASy (Expert Protein Analysis System) proteomics server of the Swiss Institute of Bioinformatics for annotation and found that some of the identified proteins have a signal peptide. When the theoretical pI/Mr of these proteins without the signal sequence was calculated, we found that another three spots (spots 6, 53, 74) matched the experimental and theoretical pI/Mr. The pI/Mr discrepancy for the remaining spots might be due to the presence of different isoforms (spot 27), or to the amino acid sequence being derived from an EST that may not include the complete sequence (spots 66 and 77), or due to post-translational modification (spots 4 and 7).
Discussion
Impacts of solar UV-B and flavonoids on protein accumulation
In this study, the accumulation of 67 peptide spots were affected by solar UV-B, with the total number of spots increasing in abundance being similar to the number of spots decreasing. Casati et al. (2005) found that 178 maize leaf protein spots were altered by UV-B radiation, and that more protein spots increased than decreased after UV-B exposure. This disparity may be due to the dissimilar species used, or to the different conditions used in the experiments. The maize experiments were conducted using both field and greenhouse conditions and the field experiments included both exclusion and supplement UV-B studies (Casati et al., 2005) . In the present study, only UV-B exclusion was examined in the field.
Many more proteins were responsive to solar UV-B in the magenta line than in the standard line. Plants have evolved several mechanisms to cope with UV-B damage. One of the most important mechanisms is screening out UV-B radiation by accumulation of flavonoids in the leaf epidermis (Schmelzer et al., 1988; Robberecht and Caldwell, 1983) . The increased response of the magenta line to UV-B may be related to its reduced flavonoid content. Of the group III peptides, 11 spots (spots [68] [69] [70] [72] [73] [74] [75] [76] [77] [78] [79] showed different intensities between the two lines even without UV-B treatment (Table 1) . This might be due to the high UV-A and PAR levels in the solar radiation and/or oxidative stress caused by other stress factors such as high temperature. While flavonoids provide UV-B protection by absorbing radiation in UV-B region, they also All spots were identified by LC-MS/MS except spot 3, which was identified by MALDI-TOF. The NCBI nr database was searched for all the spots except spots 66 and 77 for which the EST_others database was searched. ID: Spot number (Fig. 1) are effective UV-A absorbers. Although it is less damaging on a photon basis than UV-B, UV-A comprises a much larger portion of the solar radiation than does UV-B, and UV-A is able to penetrate to greater depths within the leaf than UV-B (Liakoura et al., 2003) . The greater responses under UV-B exclusion in the magenta line could be related to its inability to synthesize flavonoids. Irradiation of the magenta line with solar UV radiation could have resulted in increased flux of UV-A through the more transparent epidermis reaching mesophyll cells, as compared to the standard line capable of synthesizing flavonoids. Also, because flavonoids can act as antioxidants (Peng et al., 2003) , their absence in the magenta line could also lead to greater oxidative stress, and this hypothesis is supported by evidence for greater oxidative responses in the magenta line (data not shown). Many proteins are represented by multiple spots (Casati et al., 2005; Sarnighausen et al., 2004; Giavalisco et al., 2005) . The multiple spots may be different products of closely related genes or PTM of a single protein. Taking into account the multiplicity of spots, we detected 47 unique proteins altered by UV-B radiation (Table 1 ). In maize, Casati et al. (2005) reported that 14 proteins that were represented with multiple spots showed opposite effect by UV-B radiation. For example, three spots of the Rubisco large subunit were increased while another two spots of Rubisco large subunit were decreased by UV-B radiation (Casati et al., 2005) . Similar results were observed for Rubisco activase and glycine cleavage system (GCV) P-protein in the present study. One spot (spot 3) of Rubisco activase was increased by UV-B, while another three spots (spots 44-46) of this protein were decreased. In the present study, most of the spots contained only one protein, but three spots contained two different proteins (spot 6: triosephosphate isomerase and superoxide dismutase; spot 7: ATP synthase CF1 epsilon subunit and 60 kDa chaperonin alpha subunit; spot 40: phosphoglycerate kinase and glutamine synthetase). These spots were altered by solar UV-B. UV-B may affect one or both of the proteins in each spot, although at this stage of our investigation we could not distinguish between these possibilities.
Functional analyses of proteins responsive to UV-B
The identified proteins in this study were classified according to the functional categories described by Bevan et al. (1998) (Table 3 ). The proteins are quite diverse and are involved in metabolism, energy, protein destination/ storage, disease/defense, transcription, protein synthesis, and secondary metabolism. The functional group with the largest number of protein spot altered by UV-B was the energy category. In this category, 30 protein spots were altered by UV-B, 14 increased while 16 decreased (Table 1 and 3). Nine spots were identified as photosystem (PS) II oxygen-evolving enhancer (OEE) (spots 12-16) or subunits of PS I (spots 8-11), and all were enhanced by solar UV-B. Only one protein spot (spot 7: epsilon subunit of ATP synthase CF1) is involved in electron transport, and this spot was also increased by UV-B. Using microarray technology, Izaguirre et al. (2003) found that most genes encoding PS polypeptides were decreased by solar UV-B, but one gene, encoding the PS II OEE 23-kDa polypeptide, was increased. Interestingly, all the responsive proteins related to PS were enhanced by solar UV-B in the present study.
The other spots affected by UV-B in the energy category were identified as enzymes involved in primary carbon metabolism. Most of the spots, identified as Rubisco activase (spots 44-46), Rubisco small subunit (spots 42 and 43), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (spots 48-51), phosphoglycerate kinase (spots 40 and 52), phosphoribulokinase (spots 41 and 47) or other enzymes (spots 53-55), were decreased by UV-B radiation (Tables  1 and 3 ). In addition to catalyzing reactions in the Calvin cycle, GAPDH is also reported to have protein kinase activity (Duclos-Vallee et al., 1998) , to bind RNA (Nagy and Rigby, 1995) , and to increase ribozyme (Sioud and Jespersen, 1996) and phosphotransferase activities (Engel et al., 1998) . Other environmental stresses have been reported to increase GAPDH level (Yang et al., 1993; Chang et al., 2000; Russell et al., 1990) , however, four spots of GAPDH were decreased by UV-B in the present study. This inconsistency may be due to the multiple isoforms of GAPDH. Izaguirre et al. (2003) also found that some genes for Calvin cycle enzymes were decreased by Protein spots were grouped according to the functional categories described by Bevan et al. (1998) . a Spot numbers correspond to Fig. 1 . solar UV-B. It is reported that the inhibition of UV-B on photosynthesis is associated with enzymatic, rather than PS II limitations (Xiong and Day, 2001 ). Sullivan and Teramura (1990) found that UV-induced reductions involving PS in soybean occurred only at high internal CO 2 levels, suggesting that UV-B could lead to increased substrate limitations on photosynthesis. Also, some studies indicated that UV-B could reduce the carbohydrate levels in plants (Quaggiotti et al., 2004; Ghisi et al., 2002) . Consistent with these results, the enzymes involved in CO 2 assimilation were suppressed by solar UV-B in this study. The remaining spots (spot 3: Rubisco activase; spot 4: Rubisco large subunit; spot 5: ribulose-phosphate 3-epimerase; spot 6: triosephosphate isomerase) were increased by UV-B. Spot 4 is only a fragment of Rubisco large subunit because its sequence only matches the first half part of Rubisco and it has very low Mr. Therefore, an increase in spot 4 most probably indicates increased degradation of the Rubisco large subunit. Increases in proteins related to PS and electron transport may lead to greater reducing power. However, ambient levels of UV-B may limit CO 2 fixation and reduce the regeneration of NADP + and ribulose bisphosphate, because the enzymes involved in the Calvin cycle were decreased. For example, GAPDH and phosphoglycerate kinase both are key enzymes in the regeneration of ribulose bisphosphate and reducing power. Therefore, the photosynthetic electron transport chain may be over reduced, leading to the formation of superoxide radicals and singlet oxygen. Xu et al. (data not shown) have found that solar UV-B radiation does cause oxidative stress in the two soybean lines.
The metabolism category includes 11 spots altered by UV-B (Table 3) . Two of them (spot 1: GCV T-protein; spot 2: gamma-glutamyl hydrolase) increased in abundance, while 9 spots, identified as glutamine synthetase (spots 38-40), alanine aminotransferase (spot 35), GCV T-or P-protein (spots 32-34), and serine hydroxymethyltransferase (SHMT) (spots 36 and 37), were decreased by solar UV-B. These enzymes are involved in nitrogen metabolism. Glutamine synthetase catalyzes the assimilation of ammonium to glutamine using glutamic acid as its substrate (Chen and Silflow, 1996) . Reduction of this enzyme under stress conditions has been reported, and this may be a protective mechanism because nitric oxide, an intermediate of nitrogen assimilation, is an active radical (Wang et al., 2004) . It has been reported that UV-B can decrease nitrogen assimilation in some plants (Quaggiotti et al., 2004; Ghisi et al., 2002; Balakumar et al., 1999) . The reduction of enzymes involved in primary nitrogen and carbon metabolism indicates redirection of carbon and nitrogen resources into other pathways, such as those involved in repair or protection processes.
The protein destination and storage category includes 12 spots altered by solar UV-B (Table 3) . Several spots (spots 57-61) of chaperonin and associated co-chaperones were decreased by solar UV-B. Other spots, identified as 60 kDa chaperonin (spot 7), vegetative storage protein (spots 20 and 23), chaperonin 2 (spot 21), copper chaperone homolog (spot 24), and cyclophilin (spot 22), were increased by UV-B radiation. Chaperones are proteins whose function is to assist other proteins in achieving proper folding, and have been shown to accumulate in plants in response to many stresses (Wang et al., 2004; Yan et al., 2006) . In this study, some chaperone spots (spots 7, 21, 24) were enhanced while others (spots 57-61) were decreased by UV-B, and similar results were observed under UV-B stress by Casati et al. (2005) . These results can be explained by the varied functions of chaperones. Some chaperones act to repair the potential damage caused by misfolding; some are involved in folding newly made proteins as they are extruded from the ribosome; and others are involved in transport across membranes (Georgopoulos and Welch, 1993; Leone et al., 2000) .
Only six protein spots involved in the disease and defense category were altered by UV-B radiation ( Table  2) . Two of them, identified as catalase (spot 63) and peroxiredoxin (spot 64), were decreased by UV-B. Four spots, identified as ascorbate peroxidase (spot 26), superoxide dismutase (spots 6 and 25), and lectin (spot 27), were increased by UV-B. All six proteins, except the lectin, are enzymes that destroy active oxygen species and are usually increased under stress conditions (Wang et al., 2004; Yan et al., 2006) . Under the same conditions, solar UV-B increased the total activity of ascorbate peroxidase, decreased the total activity of superoxide dismutase, and had no effect on catalase activity (Xu et al., data not shown) . However, total enzymatic activity does not reflect the changes in the different isoforms of the same enzyme, and enzyme activity could be altered without changes in protein quantity.
Only two spots in the secondary metabolism category (spot 65: 1-deoxy-D-xylulose 5-phosphate reductoisomerase; spot 66: chalcone reductase) were responsive to solar UV-B (Table 3 ). These two spots were decreased by solar UV-B in the magenta line but not in the standard line. Increases in leaf flavonoids concentration are the most consistent response to supplemental UV-B (Searles et al., 2001) . However, increases in proteins involved in the flavonoid biosynthetic pathway were not detected in the present study. However, proteins involved in flavonoid synthesis may be in too low abundance to be detected on these gels, because more than one hundred protein spots were identified and no other proteins associated with secondary metabolism were found. The one spot (spot 17) responsive to solar UV-B in the transcription category was identified as RNA-binding protein, and its abundance was increased by UV-B. The protein synthesis category has three spots regulated by solar UV-B. Two of them (spot 18: 50S ribosomal protein; spot 19: 30S ribosomal protein) were increased in abundance in response to UV-B, while spot 56, translation elongation factor, decreased in abundance.
In summary, our results indicate that proteins related to the photosynthetic photosystems increased in abundance, while enzymes involved in primary carbon and nitrogen metabolism decreased, and substantiate that flavonoids act as screening compounds in protecting plants from UV-B radiation. No effects on proteins involved in the signal transduction were detected, possibly because many of the proteins involved in the signal transduction occur in too low abundance to be detected in crude extracts, or because membrane proteins are usually under-represented on 2-D PAGE gels. This study provides new insights into the responses in the soybean leaf to solar UV-B radiation. Further studies are needed to better understand the molecular basis of the UV-B response in soybean.
Materials and methods
Plant materials and experiment design
Seeds of the standard and magenta isolines of the Clark cultivar of soybean were planted in pots in a greenhouse at the University of Maryland (College Park, MD) and allowed to germinate for 3 days. Following this period the plants were moved to the USDA Southfarm (Beltsville, MD) where they were separated into two UV-B treatment regimes. Half of the plants were placed inside either of two open-ended exclusion shelters made of polyester (DuPont, Circleville, OH, USA), which absorbs almost all solar radiation below 316 nm. The remaining plants were placed under another two shelters covered by clear Teflon (DuPont, Circleville, OH, USA), which is virtually transparent to solar UV radiation. The materials are similar in transmission properties in the UV-A and PAR wavelength. The plants beneath the polyester filters received very little UV-B radiation and served as controls for seasonal changes in temperature and PAR, etc. Plants were rotated every day and watered to minimize the occurrence of drought stress. The first trifoliates appeared on July 4th, 2005 and were harvested from 3 to 5 plants for each sample when they were 12-day old. Five independent samples were harvested for each treatment replicate. The harvested samples were immediately frozen in liquid nitrogen, and then stored at À80°C prior to analysis.
Protein extraction and 2-D PAGE
Frozen samples were ground with liquid nitrogen and incubated with 10% trichloroacetic acid (TCA) and 0.07% 2-mercaptoethanol in acetone for 1 h at À20°C. The precipitated proteins were pelleted and washed with ice-cold acetone containing 0.07% 2-mercaptoethanol to remove pigments and lipids until the supernatant was colorless. The pellet was vacuum dried, resuspended in resolubilization solution (9 M urea, 1% CHAPS, 1% DTT, 1% pharmalyte) and sonicated to extract proteins. Insoluble tissue was removed by centrifugation at 21,000g for 20 min. Protein concentration was determined according to Bradford (1976) using a commercial dye reagent (BioRad Laboratories, Hercules, CA) with BSA as a standard.
An IPGPhor apparatus (GE Healthcare, Piscataway, NJ) was used for isoelectric focusing (IEF) with immobilized pH gradient (IPG) strips (pH 3.0-10.0, linear gradient, 13 cm). The IPG strips were rehydrated for 12 h with 250 lL rehydration buffer (8 M urea, 2% CHAPS, 0.5% pharmalyte, 0.002% bromophenol blue) containing 350 lg proteins. The voltage settings for IEF were 500 V for 1 h, 1000 V for 1 h, 5000 V for 1 h, and 8000 V to a total 46.86 kVh. Following electrophoresis, the protein in the strips was denatured with equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 0.002% bromophenol blue, 1% DTT) and then incubated with the same buffer containing 2.5% iodoacetamide instead of DTT for 30 min at room temperature. The second dimension electrophoresis was performed on a 12.5% gel using a Hoefer SE 600 Ruby electrophoresis unit (GE Healthcare, Piscataway, NJ). The gels were stained with Coomassie brilliant blue (CBB) G-250 (Newsholme et al., 2000) and scanned using a Personal Densitometer SI (GE Healthcare, Piscataway, NJ).
Image acquisition and data analysis
Densitometry images were analyzed with Image Master 2D-Elite (version 4.01) (GE Healthcare, Piscataway, NJ) software. Image analysis included the following procedures: spot detection, spot measurement, background subtraction, and spot matching. Only spots that were detected on all the five replicate gels were further analyzed. To correct the variability due to CBB staining, the spot volumes were normalized as a percentage of the total volume of all spots on the gel. Data were subjected to analysis of variance to test for the effects of cultivar, UV-B and their interactions. Significantly different means were separated by least significant difference (P < 0.05) using SAS software (1995).
Spots digestion and MS
Protein digestion was performed as described previously (Natarajan et al., 2005) . Gel spots were washed with CH 3 CN:H 2 O (1:1, v/v) containing 25 mM ammonium bicarbonate to remove the dye, dehydrated with 100% ACN, dried under vacuum, and incubated overnight at 37°C with 20 lL of 10 lg/mL trypsin (modified porcine trypsin, sequencing grade, Promega, Madison, WI) in 20 mM ammonium bicarbonate. The resulting tryptic fragments were eluted by diffusion into CH 3 CN:H 2 O (1:1, v/v) and 0.5% trifluoroacetic acid (TFA). The extract was vacuum dried and the pellet was dissolved in CH 3 CN:H 2 O (1:1, v/v) and 0.1% TFA.
For peptide mass fingerprinting (PMF), a Voyager DE-STR MALDI-TOF mass spectrometer (Applied Biosystems, Framingham, MA) operated in positive ion reflector mode was used to analyze tryptic peptides. Samples were co-crystallized with a-cyanohydroxycinnamic acid matrix, and spectra were acquired with 50 shots of a 337 nm Nitrogen Laser operating at 20 Hz. Spectra were calibrated using the trypsin autolysis peaks at m/z 842.51 and 2,211.10 as internal standards. For LC-MS/MS a Thermo Finnigan LCQ Deca XP plus Ion Trap mass spectrometer was used to analyze proteins. Peptides were separated on a reverse phase column using a 30 min gradient of 5-60% ACN in water with 0.1% formic acid. The instrument was operated with a duty cycle that acquired MS/MS spectra on the three most abundant ions identified by a survey scan from 300 to 2000 Da. Dynamic exclusion was employed to prevent the continuous analysis of the same ions. Once two MS/MS spectra of any given ion had been acquired, the parent mass was placed on an exclusion list for the duration of 1.5 min. The raw data were processed by Sequest to generate DTA files for database searching. The merge.pl script from Matrix Science was used to convert multiple Sequest DTA files into a single mascot generic file suitable for searching in Mascot (Perkins et al., 1999) .
Protein identification
Protein identification was performed using the Mascot search engine, which uses a probability based scoring system (Perkins et al., 1999) . The NCBI nr database was selected as the primary database to be searched. For LC-MS/MS, if the primary database did not yield identity, the ''EST_others'' database was queried. The following parameters were used for database searches with MALDI-TOF PMF data: monoisotopic mass, 25 ppm mass accuracy, trypsin as digesting enzyme with 1 missed cleavage allowed, carbamidomethylation of cysteine as a fixed modification, oxidation of methionine, N-terminal pyroglutamic acid from glutamic acid or glutamine as allowable variable modifications. For database searches with MS/MS spectra, the following parameters were used: monoisotopic mass; 1.5 Da peptide and MS/MS mass tolerance; peptide charge of +1, +2, or +3; trypsin as digesting enzyme with 1 missed cleavage allowed; carbamidomethylation of cysteine as a fixed modification; oxidation of methionine, N-terminal pyroglutamic acid from glutamic acid or glutamine as allowable variable modifications. Taxonomy was limited to green plants for both MALDI and MS/MS ion searches. For MALDI-TOF MS data to qualify as a positive identification a protein's score had to equal or exceed the minimum significant score of 64. Positive identifications of proteins by MS/MS analysis required a minimum of two unique peptides, with at least one peptide having a significant ion score.
